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z.  rspoDucTioii 


jo  transplant  a  bacterial  culture  is,  in  the  present  meaning,  to 
dilute  a  snail  volume  of  culture  in  a  Ir^ge  volume  of  new  medium.  This 
operation  Introduces  a  discontinuity  in  Growth,  end  into  the  csperiKsnfc 
an  desalt  of  uncertainty  that  is  noil  known  to  bacteriologists  •  The 
discontinuity  and  uncertainty  trill  bo  reduced  to  tho  cctont  that  trans¬ 
fers  arcs  made  more  frequently  end  performed  at  smaller  dilutions  /o»g»$ 
with  less  dilution  involved.  -a?.  At  tho  Unit  one  would  have  a  culture 
maintained  by  continuous  dilution  so  calculated  as  to  compensate  exactly 
for  coll  growth.  A  culture  thus  maintained  would  grow  indefinitely,  at-' 
a  constant  rate*  under  constant  conditions*  Tho  discontinuity  would 
disappear  and  likewise  the  element  of  uncertainty  that  it  introduces.  It 
±3  evident  tliat  through  the  constancy  of  conditions  in  tho  medium,  tho 
rata  of  growth,  and  therefore  tho  physiological  state  of  tho  colls,  such 
a  culture  would  bo  an  erfcorc mely  favorable  tgp::nk nskafbrob^nnia  object 
for  experiment.' 

X 

Tho  researches  pursued  in  this  laboratory  have  brought  us  to  put 
tills  principle  to  work  (Monod,  Torriani,  and  Do^doroffi,  2$?0)/£7  and  to 
study  the  properties  of  continuous  cultures#  Gno  will  see  by  what  follows, 

I  hops,  that  the  interest  in  this  technique  io  not  limited  to  tho  ob¬ 
taining  of  permanent  and  stable  cultures.  Continuous  cultures  constitute, 
under  certain  conditions,  systems  in  equilibrium,  such  that  tho  study  of 
a  phenomenon  os-fiu:etien-oS-4dc.a>eo^d^hcra-lK»-oxtoJi-s«.boW8tufte<l  as  a 
function  of  tike  could  thoro  bo  o’Jtca  substituted  for  by  its  ccasuro  of 
£02  proportionally  in— Tr/  tho  state  of  equilibrium,  whicbuould  present 
great  advantages,  theoretical  as  veil  as  practical. 

I  shall  ‘try  hero  to  present  tho  general  properties  of  those  continuous 
systems,  and  to  indicate  tho  means  of  using  them  in  different  types  of 
experiments.  This  is  only  a  first  appreciation.  Tho  problem  deserves 
to  bs  treated,  from  the  theoretical  point  of  view,  in  a  more  rigorous 
end  profound  runner  than  I  know  how  to  do.  As  for  tho  techniquo  of  realiza¬ 
tion }  one  will  find  hero  only  tho  description  of  a  vary  primitive  apparatus, 
of  which  the  cole  merit  is  simplicity. 
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A.  COlEIIiUOUS  EEPdSSeJTI&L  GRQ&H:  V  5 

coamcEs  c?  EQunaBRrci  '  • 

/  ,  '  «  '  ‘ 

Lot  us  consider  a  container*  3a  containing  a  given  venae*  ?jj*  of 
bacterial  culture.  lot  no  suppose  that*  conditions  of  tho  medium  bsing 
fav orablo*  this  culture  develop 5  at  a  constant  rats.  Suppose  that  now 
medium*  in  rcccrvo  in  arcservoir*  U*  is  fed  continuously  into  tho 
container*  Ba  by  a  tube  ad  hoc  (St  )*  while*  by  come  device >  an  equal 
quantity  of  medium  is  wiVuebawn'  a*  tho  cans  instant  by  a  second  tube  (T2) 
leading  to  a  second  receptacle  (?)•  Suppose  that  the  bacteria  falling 
into  tho  receptacle  P  cease  immediately  to  nultiply  (because 'they  arc 
congealed  ^/0?.  frozen— Sr/ *  or  became  tho  receptacle  P  containe  an  anti- 
c optic  or  cac'oeriootatic  substance).  Suppose  finally  that  despite  the 
near  medium  contantly  admitted  into  tho  culture  *  tho  homogeneity  of  the 
Factorial  suspension  and  of  tho  nutrient  substances  dissolved  is  -  assured 
by  an  effective  stirring  of  tho  liquid  in  the  container  3.  Shis  i  stirring 
is  supposed  to  assure  likewise  tho  equilibrium  between  tho  liquid  medium 
and  -tho  gaseous  atmosphere  of  tho  container.  \ 

i 

lot  IS  bo  tho  bacterial  macs  contained  in  the  icontainer  B*  ‘ 

Sp  the  bacterial  mass  contained  in  tho  receptacle  P*  and 
,  Xj  bo  the  total  bacterial  macs*  ;  l  *  ; 

One  hao  by  definition:  ,  JF  .  .? 
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and  in  deriving  with  references  to  tine: 
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It  being  given  that  tsly  tho  bacteria  contained  in  B  arc  multiply¬ 
ing  9  or.s  sees  that:  .  .A  *  V 


da  9r3 


V 


l  /  —i-/ 1 


~t/» 


(2) 


V 


u  is  a  constant1  that  wo  xnJLi  cell  Ktctcfrof-i:;-  mriao 


Vi**.  W.4 


(1). 


xho 


greuih  of  the  irm  bacterial  ness  in  F  is  at  each  instant  proportional 
to  r-,  and  tc-  tho  flew  rata  of  tho  -system.  If  wo  define  this  flew  rate 
(3)  is  the  ratio  of  the  volume  flowing  per  unit  of  cine  to  tho  volume  V*- 

**  •»  #**•>‘•1  i* v  *'  *  1  f  \ 

i.w  «**<—>>*  k  •  «b  •!»  W ‘«««  <»  ^  l 

-  ,  Mn'-ih'i  **  Rest  C°V 

'  'H+H&JHttf  -7-  /  (3) 
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—tv  is  rwreiv/ define::  as  the.  number  of  tiivisiens.  cr  ^ 
o  v/.  on  ■‘V.j.;eo  t-:.i  corovorus  Iren  'h.nneruan  rave  ox., 

■  -  O’;  «■- v*  -V-'  <  2-  X  /*i-<TOy- 


These  conditions  of  operation  by  which  the  system  tends  toward 
a  stable  equilibrium  are  particularly  interesting,  and  we  shall  try  to 
define  them  more  precisely.  Let  ns  consider  a  culture  developing  in  a 
medial  of  definite*  cotapoyition,  end  such  that  the  sole  "limiting  factor* 
of  ero:rth  is  tho  concentration  of  one  of  the  essential  dements,  for 
example  tho  olensnt  carbon.  Ono  Innews  (Cf.  Honod,  19h2~19k9)/l/  that 
in  ouch  a  radium  (not  renewed)  the  total  growth  (2)  is  proportional  to 
the  initial  concentration  of  tho  element  curbon.  Gao  knows  also  that 
tho  rat®  cf  growth  varies  with  tiio  concentration  of  the  eloaent  carbons 
according  to  a  lew  fairly  wall  expressed  by  the  hyperbolic  relations 


/**/“< 


(6) 
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• 

in  which  u  ic  th®  rate  of  growth  corresponding  to  a  concentration  8 
of  the  limiting  element,  Vq  the  ssxism  rata  oif  growth,  which  provides 
Vhoi;  S  is  great,  S*.,  a  constant,  characteristic  of  tha  organioa  and  of 
tho  subatanco  being  considered. 

o 

One  knows  finally  that,  in  most  of  the  known  eases,  tho  value  of 
tho  constant  of  "affinity"  Str  la  v?ry  small  colored  to  tho  values  of 
tho  concentration  S  permitting  an  amply  abundant  development  of  the 
cultures,  lliia  is  to  cay  that  tho  rate  of  growth  is,  in  practice, 
independent  of  the  concentration  of  the  element  carbon  except  when  it 
is  exceedingly  wards  small. 

Let  us  consider  new  a*  culture  developing  in  the  container  B  (fig*  1) 
fed  by  a  reservoir  containing  a  medium  of  such  composition  that  tho 
concentration  of  tha  clamant  carbon  constitutes  the  sole  limiting  factor 
of  tho  growth*  Let  Sq  bo  the  concentration  of  tho  limiting  element  in 
tho  new  medium;  S,  tha  concentration  of  this  element  in  &;  R,  the  con* 
start  of  yield  (Cf .  Honod,  loo  cit)*  Quo  may  write* 


(7) 


In  effect,  first, tha  concentration  8  of  the  clomont  In  B  tonda  to 
approach  tho  concentration  Sq  in  tho  new  nadiua  more  quickly  Urns  as 
tho  difference  is  grantor  ar3  tho  flow  rata  more  rapid;  second,  tha 
concentration  8  tends  to  diminish  nor®  rapidly  as  the  growth  of  the  total 
bacterial  mass  Ig  nore  rapid,  ^io  caccod  tosa 

caresses  tha  hypothesis  that  tha  yield  of  tho  growth  is  constant,  inda* 
pendant  of  its  rate  (3).  to  substituting  ^Soo  p  5— 5k/ 


2V  Xsiff erence  between  the  Initial  density  and  tha  maximum  density*  Tha 
density  of  tho  culture  Is  daflnad  as  tha  dry  weight  of  bacterial  substance 
per  unit  of  voluco* 

3*  firs  on  this  subject  Ilona i  (13h2)A/,  Teissier  Q$b2)/3/$  and  balcar, 
p  393  /o.g.,  p  of  this  trciclation— ‘^*  *** 


>!rpnB*znm;trriX>  ssB’fairr  MBWitaacwaf*.-: 


•  .  .In  yrteSr^asttn^c  replacing 

*%?•  /Xr 

clt~ 

in  the  equation  (7)  by  ±t3  value  drawn  from  equation  (2),  onj  obtains i 

££-  -  J>(So-s) 

and  in  replacing  p.  by  its  value,  given  by  (6): 

A  culture  cannot  be  said  to  bo  in  equilibrium  unless  8  and  x_are 
constants,  that  is  to  cay  when  one  Las  at  once:  * 


jts.o 

ci  f 


c&  Xg  «  0 

According  to  fficon.—Tr/  equations  (h)>  (6),  and  (8),  thcco  too 
conditions  can  bs  written  respectively; 

*  tC 

J>(So-s)*  yr^sik  l9) 


— 3>  (M) 

It  Is  ovidont  that  equilibrium  is  not  redizoablo  if  22  ^*p0stfaEJ  cinco 
tho  equation  (10}  vould  not  be  verified  for  any  'Value  of  8.  or  of WD*  In 
return,  a  stable  equilibrium  is  necessarily  attained  if  Vt<  Up.  In  effect, 
if  at  any  moment  &»  is  inferior  to  the  value  s As  satisfying  toe  aquation 
(9),  then  m ' 

a  ~dt~ '  ;■■■: 

is  positive*  8  increases,  such  that 

tabes  a  positive  value,  and  tho  culture  increases*  Sho  cpposito  is  true 
£UA  “She  invorsa  is  produced...8— Tr/  if  is  superior  to  the  value  of 
equilibrium*  likewise,  if  8  is  greater  than  the  value  satisfying  the 
equation (10)*  then 


At 


rnn-irf~T~"iiMrr'-~i  ■'  ■ 


i.z  positive  ^in?/  equation  (|j),  th®  culture  cross >  so  that  th®  equality  (?) 
is  r.o  longer  satisfied,  and 


beset ':i;S  negative#  2ho  rewreo  is  produced  if  S  is  inferior  to  tho  valuo  * 
eatiefyinc  tho  equation  (10).  If*  tho  equilibrium  boir.g  obtained,  on# 
modifies  the  fie.?  rata  ('while  maintaining  it  bole.:  |Jq)>  the  cysts-a  evolves, 
for  the  ea.no  reasons,  ic.:ard  a  new  equilibrium:  tho  bacterial  density 
and  tho  concentration  of  the  Uniting  element  stabilize  themselves  at 
r.r.7  values,  such  that  the  rate  of  crentU  ia  again  equal  to  the  rato  of 
dilution.  Tro  c::o:rlr-e;vtcr  t~: ;n  has  th;ro  a  r.enr.s  of  roddiyinr;  at  his 
;rill  the  rats  of  rro~."th  a.:  J.  of  a£j  unnu:g~it  to  ary  vaxuo*TQSs'  than  u^. 

0ns  sees,  from  (10),  that  at  equilibrium  tho  equation  (9)  is 
simplified: 


y.s  *  £(£«  nS!) 


(9  also) 


Furthermore,  as  the  stable  squilihrlun  requires 

■2?,  on  tho  other  hand,  tha  value  of  tho  fraction 

$  _ 

S/c-tS 

is  practically  independent  of  S  as  lor.g  ac  S  is  of  an  order  of  r.*gn±tud» 
creator  the-;  H,}  because  fir.*lly  tho  values  csperi.wtal2y  neteraiued 
(see  rentier,  above)  for  Sv  are  very  small,  rquilibrluo  trill  bo  attained 
only  for  Xicclc  values  of  St  • 

Shis  obsorvatior.  ip  important  sinoo,  in  practice,  tho  values  chosen 
for  the  initial  concentration,  Sq,  trill  be  almost  invarld&y  rareb  greater 
than  the  values  of  cquilihrlta  of  s.  At  oquilibritn,  Sq-S  uill  then  bo 
very  little  different  from  Sq,  and  th®  equation  (9  also?  is  simplified 
■  further  to  - 

In  other  triads  >  .nr  vy  thin*  occurs  ;ty:  if,  in  *nri.te  of  tho  coa* 

entirsiy'  ■  :  ■ 

if  ■&  y  #,?,»  let  us  cl-aday  this  oor«ducion  by  an  eaarplo. 
For  £  cell  ©rt,dh*  in  a  tlaburh..n.ru:hh.:.:  defined  jwdiso, . •Jita^beoae  as 
the  ulcrai,  the  constant  S,yis  of  the  order*  of  Ifirs  fciacod 

2$&}«  £s&  hut,  the  concentration  of  glucose  that  trould  giva  a  "coed 
culture"  in  the  eyes  of  &  bacteriologist  ;rould  be  frea  1XTJ  to  $310*3, 
or  100  to  $C0  tines  greater.  ULth  DX  O.S  J*ji  the  equation  (10)  mould  bet 
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o-f  r°  “.p'  /o-s+s 


where  £  Tho  equation  (9  also)  would  give  us  than,  with 

S  2sUr3,  .  .p. 

%?*  —to  ) 


end  or.a  secs  that'  zl,  would  differ  by  orly  1,200  iron  the  rmxinua  value 
corresponding  to  thS  integral  utilisation  of  the  element  carbon » 

Uith  D  0*9uq,  the  density  of  tho  culture,  at  cq’iilxbriua,  uould-not 
bO^023^hc!l-hiTC-per3Ont^5“P»-103^-tK'it-flaic&---2£/-oS-vhO-5Si:iiK:U;a 
vdu&*— would  be  inferior  by  orly  iivo  percent  of  tho  ccsim.ua  value* 

It  appears  then  that  under  these  conditions,  not  only  is  tho 
system  self  -regulating,  but  also  tho  rate  of  growth  nay  bo  fixed  at 
any  desired  value  (below  about  O.Sf^)  ar.d  codified  even  in  the  course 
of  men n±:ss J:r±isa  cxpci  iner.t  without  meanwhile  subjecting  the  density 
of  the  culture  to  appreciable  variations.  Shoe©  ora  especially  tho 
singular  properties  of  a  “ self-re  -relating  citin'*  which  establish 
interest  in  continuous  cultures;  in  tho  paragraphs  that  follow  one 
will  see  how  theso  properties  can  be  used  with  profit  for  tho  study 
of  some  typical  problems  of  nicrobial  physiology* 


G*  APPLICATION  TO  StfS  E103IES 
C?  1HCE0HIAL  FliSIOLOGI 

delation  between  Bate  cf  Growth  end 
the  Concentration  of  ft  limiting  Element 

The  study  of  this  relation  constitutes  evidently  ana  of  tho  cost 
immediate  applications  of  tho  technique  of  ccntinuous  culture*  lihen 
for  such  a  study  one  utilises  cultures  in  unrenewed  nsdiun,  one  cn- 
countercs  grave  difficulties  that  lead  to  weak  values  of  tho  constants 
of  affinity  /relationship/*  in  nest  eases,  the  concentrations  of  tho 
limiting  element  giving  visible  cultures  sro  found  in  tho  sons  of 
caturation*  Tho  problem  consists  then  of  naintainlng  tho  concantratioa 
o;T  tho  Uniting  element  at  constant  and  very  weak  values*  Bat,  that  Is 
the  result  obtained  automatically  with  a  continuous  culture  when  tho 
flow  rate  is  less  than  tho  g»tsinai  growth  rato,  that  is  to  say  in  a  , 
soif-regulatcd  eye ten* 

It  is  not  necessary  to  insist  on  the  evident  fact  that  tho  ccplo je* 
rmrt  cf  this  technique  is  not  Justified  unless  tho  constitution  of  the 
cedi  v;;  is  evoh  that  the  studied  constitutes  indued  the 

«£ v limiting  factor  cf  the  grew th  (Of.  on  this  subject,  Honed,  2$ hS, 
Fs-.'/*  Shis  granted,  it  is  not  therefore  inevitably  necessary  that 
thu  general  form  of  tho  relation  bo  knows*  It  is  accessary  sad  it 
ouffLeeo  that  ft  stable  equilibrium  bo  Obtained  for  which  one  nsy  write* 
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li’.a  uatarainaiion  of  S  and  of  xj  for  different  rates  of  dilution  pcrsiits 
'ostabXisIirasnt  of  tbs  fores  of  th«  relation  between  the  rate  of  growth  sad 
ths  yield* 

Eosrwhile,  it  crest  not  be  forgotten,  thin  method  is  not  justified 
unless  the  yield  is  independent  of  tho  concentration  of  tho  element* 

This  is  a  second  "hypothesis  of  indsperSehc's8’  which" ’could  prove  faulty 
when  the  concentration  of  tho  element  varies  such,  or  wise n  it  bceoraos 
very  email,  which  is  precisely  tho  case  for  tho  limiting  element  in 
equilibrium.  One  imagines,  in  effect,  that  a  substance  metaboiisod 
by  two  distinct  onnymatic  systems  with  very  different  constants  of 
affinity  could  not  give  the  same  yields  at  strong  and  at  weal:  concentration* 
The  solution  of  this  difficulty  consists  in  composing  tho  medium  so  that 
the  limiting  factor  will  be  a  nutrient  source  other  than  that  of  which 
6na  wishes  to  dote-rmino  tho  yield*  Tho  equation  (yj," hence  the  eolation 
\9~c)t  is  not  rcsndtrcd  loss  valid  by  that*  It  is  still  necessary, 
however,  that  the  concentration  Sq  of  the  element  studied  not  bo  chosen 
too  largo,  in  order  that  Sq-S  may  be  measurable  with  precision,  nor  too 
small,  so  that  S  remains  .urge  enough  so  ;that  its  variations  may  bo 
considered  as  without  effect* 

The  variations  of  yield  as  a  function  of  the  concentration  of  one 
olemont  can  havo,  in  certain  eases,  a  particular  interest*  Eero  again 
the  devica  is  applicabla  of  limiting  th*  rate  of  growth  by  an  element 
other  than  that  of  which  tho  yield  is  being  studied*  D  being  maintained 
constant,  one  determines  S  by  dosages,  for  different  values  of  Sq* 

Ora  knows  finally  that  tho  yield  of  bacterial  growth  io  a  function 
of  the  tamperatura  (Cf.  Konod,  19h2,  p  106).  But  it  is  not  possible, 
by  the  usual  techniques,  to  study  this-  effect  independently  of  tho 
concojrtadtant  variations  of  tho  growth  rate*  The  continuous  issik  culture 
at  a  limited  rato  permits  attainment  of  this  result  in  certain  con¬ 
ditions.  Lot  us  suppose  that,  by  regulation  of  tho  flow  rate,  the 
rate  of  growth  of  a  culture  is  fixed  at  a  value  slightly  loss  than 
the  maximum  rats  corresponding  to  a  given  temperature*  Supposa  that 
this  tsnpcraturo  io  fairly  far  from  tho  optimum.  This  culture  could 
be  brought  to  ary  temperature  at  which  tho  maximum  rate  is  cuporior 
to  /greater  thary  tho  fixed  fUcrw.  rate,  without  modifying  tho  growth 
rate.  It  is  evident,  however,  that  tho  increase  of  temperature  is  ' 
manifested,  in  £ka  such  conditions,  by  a  variation  (in  general  a 
diminution)  of  the  concentration  of  equilibrium  of  the  limiting  clamant* 

One  must  eventually  tales  into  account  the  offset  of  dilution  discussed 
in  the  preceding  paragraphs,  end  to  avoid  it  by  such  moans  that  the 
limiting  element  'will  not  ba  that  for  which  one  codes  to  determine  the 
yield  as  a  function  of  temperature*  .  • 

e  * 

The  possibility  of  dissociating,  in  a  certain  measure,  two  physio¬ 
logical  phenomena,  both  functions  of  temperature,  constitutes  no  doubt 
one  of  tho  more  interesting  applications  of  the  mothod.  Vo  shall  return 
to  this  topic  presently*  . 


/■“h 

\  J 
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I tatas  of  Syntheses 


specific 

She  study  of  tho  Arctics  of  a/proccss  of  synthesis,  such  as  the 
formation  of  an  ensymo  or  ether  cellular  constituent,  involves  gravo  . 
difficulties,  and  of  all  sorts,  nest  inherent  in  tho  phenomenon  itself* 
Certain  cf  these  difficulties  however  arise  from,  tho  techniques  of 
culture*  The  suspensions  termed  RnoiiOrolifcratingn  cannot  bo  used 
if  it  U/i  concerns  a  :r~~rj-nr~r?i  phenomenon  bound,  even 

indirectly,  to  growth.  So sides,  the  properties  of  those  suspensions, 
which  cor.tain  a  variable,  generally  undetermined  number  of  nonviabl© 
colic,  change  rapidly  with  time*  A  culture  in  process  of  growth  cannot 
be  considorcd  as  physiologically  stable  enccpt  in  tho  course  of  the 
exponential  phase,  often  too  brief  for  the  requirements  of  the  enporinent* 
Also  tho  composition  of.  tho  medium  is  codified  very  rapidly  during  this 
phase*  Finally,  tho  continual  variation  of  the  bacterial  density  during 


the  experiment  introduces  an  additional  difficulty*  Tho  uso  of  continuous 
cultures  that  one  can  maintain  indefinitely  in  a  constant  medium,  is  then 
indeed  indicated*  ... 

Continuous  cultures  present  for  this  type  of  experiment  other 
remarkable  advantages*  In  tho  first  place,  to  measure  the  rate  of  a 
reaction  of  synthesis  in  a  continuous  culture  returns  to  determination 
of  a  state  of  equilibrium,  instead  of  measuring  at  successive  intervale 
tho  accumulation  of  a  substance*  In  tho  second  place,  tho  control  of 
the  rate  of  growth  permits  study  of  the  degree  of  dependence  (or  of 
independence)  of  tho  reaction  of  synthesis  under  consideration,  with 
respect  to  the  processes  of  synthesis  in  c oabination */e . g * ,  all  togothor— 3ky* 
He  sum,  it  permits  distinguishing,  in  a  certain  measure,  tho  effects 
of  a;:  active  agent  simultaneously  on  tho  phenomenon  being  studied  and 
on  others  that  could  mask  it*  In  order  to  otato  precisely  the  properties 
of  the  so  systems,  t:o  shall  consider  now  a  few  theoretical  models  of 
rose  ouo*.i>  ox 

let  us  assume  a  continuous  culture,  engaged  in  growing  in  conditions 
of  seif-regulated  operation*  Assume  a  cellular  constituent,  Z,  an  enzyme 
for  cnamplo,  synthesised  by  tho  bacteria  in  the  courso  of  gro:xth  /or,  in 
tho  growth  process— Tr/.  lot  Zrj  be  the  quantity  of  Z  in  the  container  3, 

Zp  the  quantity  of  Z  in  the  receptacle  ?,  and  Zj  the  total  quantity* 


fcJ  Mb  *1*  Wv* 


ol'Z'Z  _  __ 

JL't 


It 


J.2p 

dt 


Tho  growth  of  Z  in  the  roccptacle  ?  is  given  by: 

^  X> 


(3JL) 


(12) 


1  representing,  as  above,  the  rato  of  dilution* 
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of  the  tcrperaiure,  etc#  ,  that  is  to  establish  &  hypothesis  or*  the  recchanisra 
oiv  tho  nature  of  the  processes  of  synthesis  by  which  the  cubsbar.cc  Z  is 
elaborated#  This  aquation ,  which  we  shall  call  ^hypothetical"  cun,  according 
to  tho  rr.scharf.siss  considered,  take  very  different  foras#  However,  setting 
osidfl#  certain  eases  that  it  would  0-3  necessary  ‘to  qualify  by  patholorp.es , 
tho  hypothetical  equation  would  have  to  express  tho  fact  that  tho  con¬ 
centration  of  any  collulcr  constituent  cannot  exceed  a  certain  Unit.  Let 
Z  bo  that  Unit,  which  is  expr eased  for  euurplo  as  ?  the?  — Tr/  fraction 
of  tho  bacterial'  nass  :<n  contained  in  the  container  S#‘  The  general 
hypothetical  equation  will  be  of  tho  fern: 

eLZ-r  - 


=  (X~Z3  )  'Y 


(13) 


in  wliich  represents  tho  hypothetical  function,  so  called#  In  comparin': 
tho  equations  (11),  (12),  ar.d  (13)  3  one  sees  that  tho  system  tends 
necessarily  toward  an  equilibrium,  since 

^zT  j 

diminishes  while 

^Z/»  • 

Zt 

increases  when  Zg  increases,  and  inversely: 

^  2r  0 


tends  then  always  toward  scro#  This  is  with  the  condition  that  :rill 


condition:,  since  at  equilibrium  one  can  write,  from  (11)  and  (12): 


^  _  _  _  _ _ _  _ _  _ _ _ _ _ _  _  ^  _ 

u  -!•.  i— .0.  u^Pa.C#«jL  ^  0-k.  Cl  r.3 uUI\)  XO  *wO  —  Vr  vilO 

v/iuc  u—  ^yu 
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Bot  no  suppose  first  that  one  vishoo  to  study  the  effect  on  the 
i;vrv,y .scic  of  2.  of  a  substance  bra  cent  in  ths  medium.  Lot  S  "bo  tho 


2  being  a  cor  atari,  of  proportionality* 

Tho  rcps±3sa  hypothetical  equation  (13)  is  •'.written  then: 

-C't-Ze)  KS  ' 

Since  at  oauilibrium  ono  hoc: 

d  Zz_  s  £Zz.  =  ^  Z> 

h??  X*  ^~ey 


(15a) 


and,  by  definition, 


2%  =  2Te 


Ono  can  trrito  in  sr.fcnitb'nrhfcrp:  replacing 


and  2jj  by  their  values: 


dzt 

ait 


7  *V  r^v*p  »*.  • 

L 4  AA  .  <i  ^  • 


Z.D‘(X'ZC)KS 


Ze  =  X 


KS ^ 

pr/<5 


(A) 


J,#  .. 


,\  7*, 

-  '«  W*  ’*./ 

'\.m .  V/' 


In  this  core 3  as  ono  perceives,  Z-  mould  bo  a  Hyperbolic  function  of 
.  of  -3.  Its  value  mould  tend  icmdrd  Z  mhen  S  becomes  largo,  or  whaa 
d*.  homord  C«  2r?  mould  bo  null  only  for  DnCPor  S  =  0*  The  figurative 
•.  es  a  function*6- of  S  and  of  B  ere  given  by  idee  figures  2 'and  3»  let 
that  in  this  calculation  ire  admit  amplicitely  that  S  is  independent 
That  is  to  say  that  tho  “active51  substance  of  mhich  the  effect  is 
determined  cannot  be  tho  limiting  element.  There  is  r.o  difficulty 
.  hounver.  ~h  ia  h  or  rover  no cos coxy  to  tehe  core  that  tho  concentration 
:  y.dlibriun  is  not  equal  to  the  concentration  Sq  in  the  non*  medium,  if- 
active  substance  is  metabolised  at  cue  appreciable  rate.  Keeping  account 
hone  observations,  tho  esq;  or  .'mental  verification  of  the  hypothesis  as 


S'X': 


zc  use  cieucrrananxcn  ox 
.cultv  of  principle  • 


value  of  the  constants  does  not  offer 


O' 
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hypothetical  function.  determine  tie.'’.  of  Z-,  as  a  friction  of  D 

would  thou  permit  tho  eventual  establishment  of  the  Units  of  validity 
of  the  ‘'hypothesis  of  iraic-pardcr.es". 

1-Jo  have  supposed  thus  far,  for  creator  simplicity,  that  tho  spoo£4> 
/or  rato—Tr/v-of  tho  reaction  of  synthesis  was  dircstty  proportional  to 
Tho  cor.c ontration  of  tiio’kctiva  substance** ,  5.  Ccs  can  visualise  also 
tho  caso,  mors  probable,  where  tho  reaction  would  be  crsynatic  in  nature. 
Its  rato  would  no  longer  then  bo  proportional  to  S,  but  to  a  function  of  . 
S  that  would  express  tho  phor.cr.cnon  of  saturation  characteristic  of 
oncynatic  reactions.  If,  for'  ensrplc,  one  adopts,  for  this  function,  the 
fora  of  the  equation  of  i-Iichaolis: 

in  which  V  represents  the  iirninun  rato  and  S-  the  constant  of  affinity, 
tho  equations  (A)  and  (3)  bacons  respectively: 


*  vx 


VS.+2S-I-VS 


-7  y 

/-£  =  A  1/3* 


It  will  bo  seen  without  difficulty  that  tho  equations  (AD)  and  (3a)  lead 
to  copcrimcntai  conjectures  that  cannot  bo  confused  with  ono  another,  r.or 
with  the  assumptions  of  tho  homologous  equations  (A)  and  (2).  Tho  crpori 
went  based  on  conjectures  could  then  in  principle  separate  these 

different  hypotheses. 

If,  irate ad  of  choiring  as  a  variable  the  concentration  of  a.  sub* 
stance  supposed  “activating3,  wo  had  introduced  v.  constant  of  rata:, 
suppe  sc cHy  x  eU*  ction  of  coho  independent  variable,  the  results  vrould 
be  tho  came.  Such  an  independent  variable  would  bo,  for  cwacplo ,  tho 
tempo  nature*  Tvfo  have  just  seen  that  the  conditions  of  a  self-regulating 
system  /or  process— ’It/  could  be  so  fined  that  tho  rate  of  growth  xrould 
bo  independent  of  tho  temperature  during  a  cifficio'-vtly  largo  interval. 

Ora  sees  now  how  variations  in  tomperatura,  at  a  constant  rat-3,  could  bo 
used  for  analysis  of  tho  mechanism  of  a  reaction  of  synthesis. 

Cue  can  visualise  also  nary  other  fortis  of  the  hypothetical  aquatic:*, 
intended  to  ew press  all  sorts  of  mechanisms.  But  it  is  -  natter  hers*  of 
bringing  out  only  the  principles,  "ho  ismglco  tint  -..a  have  just  discuss 
suffice  to  chew  her.;  the  measure  of  the  concentration  of  a  cellular  cor.- 
stitucut  ir.  a  continuous  culture  brought  to  equilibrium  permits  study, 
as  functions  of  diverse  variables,  ihn  of  tho  properties  of  tho  reaction 
of  synthesis. 

*»  fro  anther  uses  tarn;  ("rate”)  with  r  of  ere  nee  to  crolsssrcc  (‘brewth" ) 
and  vitssce  ("speed'1  or  “rapidity3)  with  reference  to  reaction  do  syrthsa., 
("rossiacr  of  syuthosis’*1 ) .  Perhaps  vitesso  implies  a  co.paeeea  process  ar 
tsu:  a  continuing  cue,  or  perhaps  the  terns  arc  cyr  c:r -roue ? _ free ~1 - 1  cr s  r 
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A.  rQUIKtSKT 

The  preceding  theoretical  developments  are  based  on  Quito  rigorous 
definitions  oibtho  conditions  of  culture.  It  would  be  vain  to  cede  to 
apply  the  theory  if  tho  onperinontal  conditions  deviated  too  sensibly 
iTora  thoso  definitions •  •  Various  very  diff Grant  types  cf  apparatus  can 
bo  inclined  that  undoubtedly  would  permit 

rialisation  of  conditions  sufficiently  close  to  the  theoretical  onigor- 
cics.  I  shall  describe  hero  only  one.  This  assembly  is  sham  schema¬ 
tically  by  Figure 

4f-  • 

Tho  most"  irporiont  condition  is  homogeneity  of  the  culture,  'Without 
which  tho  notion  of  ^concentration  of  equilibrium3  of  the  limiting  element, 
would  bo  illusory.  It  is  necessary  then  that  the  culture  bo  stirred  con¬ 
tinually  /Jh©  author  appears  to  mean  continxiously,  but  didn*t  cay  so.— Tr/, 
entirely  ,  and  rapidly.  It  is  necessary  also ’that  equilibrium,  with  the 
gacoous  phase  bo  assured,  which  requires  that  tho  ratio  of  the  surface  to 
tho  volx-.ua  bo  Jar  go*  In.  tfca  ccccdbly  chosen,  tho  culture  container  in  a 
round-bottomed  flask,  3,  fixed  and  centered  on  a  rotating  support.  Tho 
capacity  of  tho  flask  is  two  liters  for  a  culture  volume  of  100  to  1#0  cc. 
/E a  2-liter  flask  is  uaod  for  that  much  culture.  •  The  abbreviation 
cc  is  given  in  tho  text  as  cm3.  — $?/  A  motor,  II,  imparts  to  the  flask 
a  speed  of  rotation  of  tho  order  of  ; 200  to  hOO  turns  per  ninuto.  Tho 
stirring  obtained  is  very  energetic:  at  this  speed,  tho  dispersion  of  a 
crop  of  dye  introduced  into  tho  liquid  ic  practically  instantaneous. 
Aeration  is  assured  by  the  liquid  film  that  covers  tho  greater  part  of  tho 
intorior  surface  of  the  flask.  The  best  distribution  of  this  lilpuid  film 
is  obtained  when  tho  c:ls  of  rotation  makes  an  angle  of  3  to  k  degress 
with  tho  horizontal,  jjxi  the  illustration,  too  nee?;  of  tho  flask  appears 
to  he  tilted  slightly  upward.— Ts/ 

Tho  new  medium  is  in  roservb  in  a  reservoir  ^or  feeder  ( r.ourrfc o )— Tr/ , 
in  this  instaneo  a  toxin  flack,  placed  iaSai  aboirt  l.£Q  meters  above  tho 
liquid  level  of  the  spherical  flack.  .The  liquid  passes  through  a  iziz 
rubber  tube  and  a  coil  /-ccrpentiuoV ]{ Srp)  formed  of  a  glass  capillary 
tubs  about  2  meters  long,  xrhich  ends  fora:  ir.  a  drop-counting  p ipcttc^or 
dropping  tube/ •  The  capillary  ic  chosen  of  such  dismator  that  tho  neon 
flow  rate  desired  is  obtained  when  tho  ond  of  tho  pipette  ic  about  1  motor 
eewer ;s ei :e-f±rv±k±eeeekenkehee  below  the  liquid  level  cf  tho  reservoir. 
Eogulation  ic  accomplished  by  vertical  displacement  of  tho  pipette  /and, 
obviously,  the  capillary  to  which  it  is  attached—1 £?/•  0 na  obtains  thus 
a  sufficiently  stable  flew  rate  without  tho  necessity  of  maintaining 
rigorously  ides  constant  the  level  cf  liquid  in  tho  reservoir.  The  pipette, 
calibrated  by  hydrometer  (densimeter),  permits  a  precise  measure  of  the 
flow  rate  with  the  aid  of  a  chronorrauh. 
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The  volume  of  liquid  iai  3  is  Maintained  constant,  vliatovcr  t Jia 
Hw  r*to>  thirJco  to  ft  fluid-lavd  /e.g.,  ovsrjlcm/  tuba  (22)  ending 
la  «  receptacle  P,  in  vkifch  1c  Maintained  c  sufficient  vacuJra  ard  where 
the  Bproduota  accumulates*  Tha  constant  volueo  do ca  not  dspond  only  on 
the  overflow  tube  22  but  also  on  the  epesd  of  rotation,  which  determines 
the  thickr.'jSu,  by  so  swam  ncgiigiblo,  of  tho  liquid  fila*  An  increase 
ia  spaed  not  ceripaiisatoi  by  an  edjustnont  of  tha  tube  22  to  tho  fluid 
level,  is  translated  into  an  ircrasea  in  volume,  and  vice  versa*  20 
lesep  account  of  this  effect  ora  determines  the  voluno  by  weight  after 
tedtacachsg  testing  under  tho  chosen  ccrditioua* 

Tho  systca  includes  hrsds'.rnxs  in  addition  a  tubs  flttod  with  a 
cotton  filtor  through  which  tho  air  (or  cry  other  expropriate  gaseous 
nixturo)  is  led  into  tha  sbhorical  flask  after  having  passed  through  & 
vaahlng  flask  containing  voter.  An  inoculation  tuba  (s)  and  a  caroling 
tube  (Pr)  con  usefully  coolota  tha  device* 

tho  rack  of  tho  spherical  flask  is  protected  by  a  ring-shppod  piece 
of  glass  closed  by  a  rubber  stopper  through  which  tha  tubes  pass* 

the  apparatus  is  mounted  in  a  cool  Incubator  kept  at  the  desired 
temperature* 


B*  C02SDSC2  C?  ETFSED  ISUSS  • 

unit  'V  ■'./  V/v  ■ 

Ska  foedlng<pn^3g>^>3pgtto>  tubings— ia  sterilised  da  tho  one 
hand,  the  spherical  Hank  os  the  ether*  tho  assembly  is  node  stcriUy* 
too  spherical  Hack  is  filled  through  tho  tube  S  vith  a  ■culture  of 
departure0  Retorting  culture— Gc/  of  oonvoniont  density*  Tho  Hew  rate 
As  primed  by  creating  «  temporary  depression  (lev  pressure)  in  the  bulb 
ySgntfts  of  the  plpotto*  Direct  tef.auli,.l^fir^;ir':TOc^a3gge  samples  are 
token  by  attaching  ss  csgty  flask  to  tho  end  of  the  tube  *&*• 

Shis  calc,  everything  dppeado  on  the  type  of  caperiasat  ccntgglatod* 
Whatever  that  say  be,  boverer,  certain  precautions  will  seed  to  bo  ehocrvodt 
^Qit*  *wust  bo  respected11— Gy 

1*  She  bacterial  density  fit  equilibria*  met  never  be 
such  that  the  unknown  cor  uncontrolled  factors  (rate  of  die* 
solution  of  oeQftca,  for  exarplo)  Kill  not  bcoose  Uniting* 

Also  it  is  wire  not  to  e&esod  0*3  to  0*5  Aiicrogrum/^ dry 

weight  per  ct£io  centimeter,  and  to  utilise  who  most  ducted 
•  cultures  vkenavar  it  is  pocaflMUi*  Bhen  one  cents  be  content 
vith  vta7  dilute  cultures  (0*0?  ttg  p-.r  cc  for  example),  It  is 
easy  to  ooGpose  the  media  eo  that  Cs  ®co‘  centrution  of  ogiillbrlua* 
of  tho  element*  other  than  the  Uniting  clcaai  mill  bo  proctieelljr 
the  ease  as  in  the  *****  wiW.w.  fhie  the  aaaaas'infi&t* 

the  calculations,  and  the  interpretations* 


2*  bircot  scnpiir.js  nodiiy  tho  volune  in  B  end  consequently 
t:.c  rate  of  dilution,  thus  jcrdza±n^iia  disrupting  the  cqui- 
librium*  It  is  therefore  r.ccoessry  that  they  be  email  enou^i 
for  the  ci'i  jut  to  bo  nagllciblo*  or  sufficiently  spaced  to 
pcr;.it  the  system  mean:  solo  to  return  to  equilibrium*  Wan  it 
is  r.ot  r.eccnssry  to  effect  the  sampling  at  a  veil  defined  in¬ 
stant  (detcrmirjaition  of  &  state  of  g^cafoshrt  equilibrium),  ana 
can  nit h  advantage  recover  tiis  “product”  Instead  of  a  direct 
eanol©* 

3*  Era  condition*  in  tho  sorpls  taken  charge  radically  and  very 
rapidlyi  bencs  tho  s±  diseppsaranco  of  the  limiting  elensnt  can 
bo  TTatisr  cf  o.’ly  a  fear  seconds*  Adequate  treatnoat  aust  thus 
bo  applied  ina-ciat cly*  Iho  cost  efficacious  and  tho  most  generally 
applicable*  co'-rsists  of  holding  the  canplo  on  crushed  ice* 

ii*  Eo  risks  of  contamination ,  trLth  this  apparatus,  ere  not 
negligesbla*  iSssSssssssriSoBhaasgs^^ 

agsagssass^  Uo  have  not  observed  any,  hbvcver, 

in  tho  course  of  numerous  series  of  czpordncnts  with  a  nascinura 
duration  of  sevsn  or  eight  hours*  She  apparatus  described  was 
not  conceived  fee*  a  pemanant  operation* 
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1*  Tea  nnir&casaca  of  a  bacterial  culture  at  a  constant  density, 
at  a  content  rato  of  gron'h,  in  a  sodium  of  ccrntant  composition,  is 
possible  in  theory  and  rcslir.chio  in  practice,  thanks  to  the  principle 
of  “continuous  dilution  at  constant  vduai^  / ,  v — 

For  such  a  system  to  be  in  equilibrium,  it  is  accessary  and  it 
suffice  that  the  rato  of  dilution  (ratio  of  volume  of  Us j  per  unit  of 
tine  to  valu-oa  of  culture)  bo  equal  to  the  rata  of  grouth  (cumber  of 
divisions  per  hour)  mltlpllcd  by  the  coefficient  0*6?  (Saperiaa  logarithm 
of  2)*  Shis  result  can  bs  attained  in  tuo  different  rays*  (a)  by  adjusting 
tho  rate  of  dilution  co  that  it  balances  tho  avslsaa  rato  of  crouthj  this 
c^ullil'riun  is  unstable;  it  can  be  mistsicad  Orly  by  be  sass&cgljBgfegg* 
continual  rdjustcsntsj;  (b)  by  lotting  tho  culture  grow  until  it  becomes 
limited  by  ore  cccditioa  (concentration  of  o  essential  densnt),  the  rate 
of  dilution  brine  fiord  £$  at  a  lover  value  then  that  trkich  balances  tho 
nadrrn  mis  of  growth*  Shis  oqullibritsi  la  stable*  She  rato  of  grOBih 
is  ihoe  li  iltrd  by  the  consostratioa  of  oca  clcasut,  a  coracntraticm 
dotcr.dnsl  iwalf  by  tho  rate  of  dilutiox  (colf-regclaticg  system)* 
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2.  Kt&cs  Tilth  a  continuous  culture  in  s  cclf-rcgulating  system, 
the  experimenter  has  at  his  dispose!  a.  means  of  fining  the  rets  of 
growth  at  any  desired  vslua  below  tlio  mrrimun*  In  other  words,  the 
rate  of  growth  becomes  ,  k  a  certain  msasuro,  inczngSsas  anirimperdont 
Variable*  Shat  is  a  valuable  cxp'ciimar.taL  resources  it  is  useless  to 
insist ,  in  this  sTssrary,  on  the  numerous  possible  applications*  On  the 
other  band,  it  is  necessary  -to  atadcrscorc  the  danger  that  iss^narssCrnarxrs: 
"Jill  have  boon  foreseen,  in  tbs  interpretation  of  experiments  ,  of  treating 
the  rate  of  growth  as  an  unequivocal  and  abstract  variable*  The  ‘‘•regula¬ 
tion”  cf  the  rate  of  growth,  in  a  continuous  culture,  is  obtained  by  tbs 
intervention  of  a  limiting  factor*  Kany  elements  of  interpretation  depend 
on  tha  nature^  of  the  limiting  factor,  of  its  effects  on  the  composition 
and  tho  metabolism  of  tho  bacteria,  ate  * .  •  /Author* s  punctuation*— 

3*  Continuous  cultures  lend  themselves  particularly  well  to  the 
study  of  the  kinetics  cf  processes  of  synthesis*  She  comositicn  of  a 
coll  in  the  midst  of  growth,  understood  as  tho  rolation  £ov  ratio— Tj^ 
of  each  cellular  constituent  to  the  total  mass,  tends  toward  an  equi¬ 
librium  when  the  rate  of  growth  in  constant*  The  concentration  of  each 
cellular  conltitusnt,  at  equilibrium,  depends  on  tho  constants  of  speed 
/rate?/  of  the  processes  of  synthesis  involved* .  Tha  determination  cf 
tITs  equilibrium  obtained  (that  is  to  say,  the  naasuro  of  the  stable 
concentration  of  a  colluLar  conctitvx-nt),  as  a  function  of  diverse 
variables,  cones  back  to  determination  of  the  effect  of  these  variables 
on  tho  speed  of  the  system  of  reactions  by  "which  this  constituent  is 
elaborated.  Tints  method  of  equilibrium  evidently  presents  great  theoretical 
and  practical  r*civ2irwsrc^  •  It  permits  comparison  of  theoretieex  models 
with  onncrinoatal  results  under  such  ccnditioiis  that  naiy  “strange” 

£or  “foreign”— TzJ  factors  arc  cancelled  ^aramOed/  or  at  least  maimtai: 
constant.  In  suns:  sura ,  tho  technique  of  cnitnrn:  continuous  culturo  appl 
to  the  study  of  thoso  difficult  problems  sari  permits  the  gaining  of  a 
few  degrees  of  freedom  in  onperimerttation.  But  here  again  the-  simplifi¬ 
cation  of  the  experimental  problem  should  not  create  the  illusion  that 
tho  phenomena  theme elves  arc  simplified*  TToro  it  entirely  satisfying, 
tho  theoretical  model  of  a  proeoss  of  synthesis  would  bo  only  a  partial 
representation  of  a  sum  of  phenomena.  There  is  no  fear,  besides,  that 
the  results  "will  accommodate  themselves  too  easily  to  naively  mechanistic 
irhicrpr  stations.  T;:  These  few  supplementary  degrees  of  freedom  giro  on 
the  contrary  tho  moans  of  muhlnrsohmmeanstmisnnim'-snsnosacrmbksosnh 
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putting  theoretical  schemes  to  more  formidable  and  mono 


iu  Tho  technique  of  continuous  culture  undoubtedly  would  find 
Interesting  applications  in  tho  analysis  of  mutability  /ox  mutation?/* 


Ci.  *0j"*.C  Iu*VC-C*Cr,*C-’ii*ii^  SOlcC  tion  must  bo  considered  in  all  cases,  if  it  bo  r.o\ 
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jlirrireied  by  cdsiiusto  controls  (ilonodj  7oxx±zr±9  and  Boudoroff,  1950). 
:o  knc;,*  iir-ir  to  ti!:o  account  of  it  or  elirinato  it,  trhat  controls  to  toe,, 
ieponds  or:  the  problua  considered  end  cannot  bo  diseased  hero* 
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